CRT-based video projectors were limited by the brightness of the image formed onto their phosphors and projected onto the screen, restricting the use of these devices to dimly lit rooms. In contrast, in an SLM-based video projector, the image is formed by the SLMs and read out by a high-power lamp or by laser beams before being projected onto a screen. Consequently, much Head-mounted displays used to be bulky because of the electronics and the high voltages required to control the small CRTs. New liquid crystal SLMs, which are much smaller and require only a few volts, have reduced these constraints considerably, yielding light-weight headmounted displays that produce a striking stereoscopic effect. Along with applications in 3-D video games, these devices can be used in virtual reality applications. Such devices are manufactured by Kaiser Electro-Optics, Virtual Research Systems, Liquid Image, and so on.
Addressing
The light-modulating medium modifies the readout light using an electro-optic effect. The most practical and common approach to make an EASLM is to apply matrix-addressing electrodes to a substrate. The pixels are formed at the intersection of the electrodes, which modulate the voltage dropped across the sandwiched light-modulating medium. To make it possible to address a large number of rows sequentially, a transistor at each pixel transfers and stores the electrical informa tion for that pixel. Therefore, the addressing of the device can be carried out rapidly while the reading can be done more slowly in the remaining frame period. For example, EASLMs used in head-mounted displays incorporate an integrated circuit (IC) silicon substrate addressing matrix, and a liquid crystal light-modulating medium. The pixel size in these active backplane SLMs is limited to that which can be formed by very largescale integration (VLSI) IC fabrication. For some coher ent optical processing applications, the current state of the art is not sufficiently small. Technical challenges include increasing the maximum number of pixels, frame rate, fill factor (fraction of an area that is optically usable), number of distinct gray levels, and contrast ratio.
In optically addressed active backplane devices, a photodiode, which replaces the con trol electrode matrix, can be incorporated into each pixel. The optical write-image is directly sensed by the photodiodes and the image is transferred to the modulating layer. Some "smarts" can be built into this OASLM in the electronic circuit between the photodiodes and the pixels, implementing some specific optical image processing functions such as edge detec tion or human retina simulation. This forms one type of smart pixel SLM.
Often such optical image processing is not necessary, and the substrate can be coated with a uniform film of photosensing material that absorbs the write-image photons and converts them to electron-hole pairs. These carriers locally alter the electric field across the electro-optic material modu lating the readout light. The light modulating medium may be adjacent to the photosensor film forming a hybrid OASLM. This is the case in liquid crystal-amor phous silicon OASLMs, represented in Figure 2 . 3 Alternatively, a single material can act as both photosen sor and light-modulating medium, forming monolithic OASLMs. This is the case in multiple-quantum-well (MQW) self-electro-optic devices (SEEDs) where the effect is two-dimensional, 4 and photorefractive crystals OASLMs that form volume holograms. The resolution of OASLMs can be quite high, above 100 linepairs/mm, limited only by the physical properties of the photosens ing and modulating layers. In addition to spatial resolu tion, performance limitations of these devices include . 3 ), and OASLMs, using thin film photo sensors such as hydrogenated amorphous silicon, 3 polycrystalline silicon thin film transistors (TFTs), or crys talline silicon photodiode arrays. 4 LC SLMs were pio neered by Hughes and are now manufactured by several companies, including Hughes-JVC, CRL, Displaytech (see Fig. 3 ), and Hammamatsu.
Amplitude modulation may be achieved in a SEED through the modulation of the excitonic absorption edge by an electric field (quantum-confined Stark effect) applied across a multiple quantum well (MQW) structure.
5 OASLMs have been formed by depositing photodiode films on top of the MQWs and by making them semi-insulating. A modified version of this tech nology is the bonding of a GaAs/AlGaAs MQW chip with photodetectors and modulators onto a VLSI silicon chip to improve switching performance. 6 Because they switch rapidly (on the order of 1 GHz), MQW SLMs are used predominantly in photonic switching such as in the crossbar switch described earlier.
DMDs are fabricated by micromachining a silicon wafer. 7 Tiny (16 μm X 16 μm) suspended mirrors are micromachined on cantilevers. The mirrors are rotated by an electrostatic field to one of two stable positions. The reflection angle modulation is converted into an intensity modulation after spatial filtering through an aperture. DMDs, with 400 X 600 pixels, can be fabricat- ed with their addressing circuitry into a single chip. Their response time is short (0.3 msec), but they are inherently digital, and require multiplexing to achieve grey levels. Texas Instruments has fabricated and incor porated DMDs into commercial TV projection systems. SY Technology is developing a new generation of micromirrors that can modulate the phase only and could be used in adaptive optics applications (see Fig.  4 ).
Photorefractive crystals use an effect that results from a local modulation of the index of refraction of the crystal after illumination with a write light. 8 The photorefractive effect can be used for phase conjuga tion, which is described in the following section. This effect is usually relatively slow (10-100 msec) and requires a single wavelength. To this category belongs the Pockels Readout Optical Modulator (PROM), which uses the longitudinal electro-optic effect and is com monly made from a Bi 12 SiO 20 (BSO) crystal, and the Russian PRIZ (a Russian acronym for "image trans former"), which uses the transverse electro-optic effect.
Applications and trends

Video projection
The most apparent applications of SLMs have been in displays. Liquid crystal EASLMs and OASLMs, as well as DMDs, are at the heart of new video projectors. They are used to modulate a bright white light for projection of video or computer images onto a screen. The picture is sent electronically to the EASLMs, or to CRTs that are imaged onto the photosensor of the OASLMs, which then modulate the readout light. Red, green, and blue images must be generated and combined to reconstitute color images. Video projectors are presently limited by the brightness of the readout source and the insertion loss of the light modulating scheme. Refinements may improve this projection efficiency and larger pixel num bers should be soon possible to accommodate high defi nition television.
Image processing
Correlators aid machine vision and pattern recognition. Specific optical image processing operations necessary in machine-vision applications include image correla tion using LC or fast MQW OASLMs at the Fourier plane as an intensity sensor. Image correlation consists of image recognition using Fourier transform process ing. This can be achieved in real time by using an OASLM-based image correlator, which may be much faster than processing the images numerically on a desk top computer. Image correlators can be used for pattern recognition such as for finger print identification. With the development of smart pixel OASLMs other specific machine vision applications may be expected.
Image conversion
Optical computing applications also take advantage of SLMs when an incoherent scene needs to be converted in real time to a coherent monochromatic image. This is done using LC OASLMs, or MQW OASLMs. Other appli cations include wavelength conversion where a visible scene is converted into an infrared image for simulation purposes, and conversely, for image amplification.
Interconnects
EASLMs may be applied to optical interconnects where it is necessary to rapidly interconnect a matrix of differ ent processors to one another. This can be done by using a crossbar switch described in the introduction incorpo rating a fast MQW SLM. The SLM acts as a switch matrix that rapidly controls the interconnection between the outputs and inputs of all the processors. 6 Phase conjugation Phase conjugation can be accomplished using OASLMs, such as photorefractive crystals and liquid crystal/amor phous silicon devices. In phase conjugation, the exact com plex conjugate of a laser beam is redirected precisely along the incoming path. A plane wavefront that passes through a distorting medium will return as an unaberrated plane wave after reflection from the phase conjugate mirror and propagation through the same medium. Applications for this include imaging or laser beam propagation through a turbulent medium such as the atmosphere. Adaptive optics Phase-modulation EASLMs can be used in adaptive optics to compensate for phase distortions of an arriv ing light wavefront after propagation through a distort ing medium.
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This can be used for imaging through the atmosphere in astronomical or terrestrial applica tions or to precompensate a laser beam before sending it through the atmosphere and achieve diffraction-limited performance, i.e., the smallest possible spot size.
Turbulence simulation Finally, an unusual application of SLMs that was devel oped at the Army Research Lab is in an atmospheric turbulence simulator. 12 This system uses EASLMs and OASLMs in a close-loop configuration. By adjusting the characteristics of the input phase screen generated by Optics & Photonics News/March 1997 the EASLM, the system can be set to a chaotic behavior with characteristics similar to atmospheric turbulence.
Future developments
In addition to previously mentioned applications, the next few years will see other emerging applications made feasible by the appearance of new material sys tems. In particular, for some photorefractive applica tions, photopolymers will be more practical than pho torefractive crystals, and biological material, in particu lar bacteriorhodopsin, may also be used to form practi cal OASLMs.
The commercially driven applications that are more likely to make an immediate entrance are machine vision applications, optical correlators for pattern recog nition in machine vision and security applications, and the use of SLMs as page formatters in holographic stor age. With improvements in OASLMs, there may be wider application of SLMs in adaptive optics and in optical crossbar switches. Finally, like other technolo gies, SLM technology might exceed our current expecta tions with regard to potential applications.
